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Abstract 
This paper presents different ways of storing electricity to overcome the intermittency of renewable energies. After 
reviewing existing storage technologies, a new way of storing electricity thermodynamically on a large scale is 
presented. This system is based on the principle of a high temperature heat pump that converts electricity 
into heat. This thermal energy is stored in refractory materials, and at a later stage converted into 
electricity by means of a Joule cycle. The first mode -of energy storage- requires the use of 
turbomachinery - compressors and turbines - to operate under conditions different from those usually 
encountered. In particular, for the process to be efficient, the compressor must operate at high 
temperatures (500 to 1000° C). This represents a major technological barrier in the process due to the 
market unavailability of compressors capable of operating under such conditions. In this study the latest 
advances in the field of gas turbines are presented, including those concerning high pressure turbine 
blades, in order to adapt them to the compressor. These advances result mainly in changes in the 
composition of nickel-based superalloys and their implementation (single crystals) to achieve maximum 
wall temperatures around 950°C. 
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1. Introduction 
The intermittency of renewable energy (wind and solar PV in particular) is a technological challenge 
on which the strong future growth expected of these energies depends. For the proper management and 
operation of the power grid, production must uninterruptedly meet the electricity demand. Various 
solutions are possible to overcome these intermittencies. 
 
One of them is to increase the production capacity. For example, in the absence of wind, a thermal 
power plant could be started. However, this solution can call into question the merits of renewable 
energy, because it can then be argued that the energy produced (wind combined with thermal fossil 
energy) emits more CO2 (than nuclear energy in the case of France for instance). 
Another solution is to take advantage of the non-simultaneity of intermittencies among different 
regions. This implies the existence of a very large power grid (e.g. the development of European 
interconnections) 
 
Finally, the third possibility is that of storage and it is the one which is presented here. There will be no 
mention here of storage for thermal applications: we are concerned only with large scale storage for the 
production of electricity to the grid. Several technologies are described, the most widely developed one at 
present being storage in dams. Compressed air storage, electrochemical batteries and various more or less 
advanced solutions such as hydrogen or smart-grids are also reviewed. 
 
Following this overview, a new thermal storage solution using a thermodynamic process is introduced, 
focusing on one of the specific constraints related to this new mode of storage and to the machinery used. 
Indeed, this method of storing electricity requires the use of turbomachines - compressors and turbines - 
capable of operating in conditions different from those usually encountered. In particular, it uses a 
compressor operating at high temperatures (500 to 1000 ° C - a maximum of 800° C being currently 
preferred). Such machines are not commercially available and must be specifically developed. This 
represents a technological barrier for the process. 
The following points will be discussed: 
x A brief recap of normal gas turbine operating conditions and the need to operate at high temperature, 
x A presentation of the latest advances in the field of gas turbines including materials for high pressure 
turbine blades in order to adapt them to the compressor used in the process, 
x Finally, the compatibility of these existing advances with the process is evaluated. 
2. Different means of storage 
Solar and wind are intermittent energy sources and are time-shifted with respect to the needs. In order 
to adjust production to needs, storage is therefore necessary. While electricity cannot be stored directly, 
different means of storage in the form of intermediate energy exist. This form of intermediate energy 
(potential, compression, chemical, thermal, etc.) is then again converted into electricity in a timely 
manner, during peak demand. Energy is thus stored when it is inexpensive (off-peak). We are concerned 
here with the centralized storage capacity for applications above 10 MW with discharge times greater 
than an hour. 
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Currently, 99% of the installed storage capacity in the world is in the form of pumped hydro-storage, 
with an installed capacity of 140 GW [1, 2]. The overall conversion efficiency is high (70-75%). Next 
comes compressed air energy storage (CAES) with 480 MW and announced efficiencies from 40% to 
50%. Solutions such as advanced adiabatic compressed air energy storage AACAES are being researched 
which should improve performance. Electrochemical battery storage using hot Na-S batteries accounts for 
300 MW and lead-acid batteries for 125 MW. The following table summarizes some of the characteristics 
of these systems. 
Table 1. Main parameters of the means of electricity storage, [1, 2]  
 
Intermediate energy Storage means efficiency Storage density 
(kWh/m3) 
Cycle type or 
discharge period 
Gravity (potential 
energy) 
Hydraulic pumping 0.73 2 (for 1000 m head) Daily, weekly or 
seasonal 
pressure Air compression 0.4 to 0.5 2 to 5 Daily, or weekly 
chemical Electrochemical 
batteries 
0.7 to 0.9 5 to 150 From tens of minutes 
to a few days 
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To get an idea of the concept of storage density, let us compare with typical consumption. To consume 
1 kWh for instance, it is sufficient to travel 1 km with a car that consumes 8 liters per 100 km, or to run a 
refrigerator for a day (French average) [3].  
 
The following section studies the various storage methods in greater detail.  
2.1. Pumped hydroelectric storage (PHES) 
Hydropower is an old and well-mastered technology. Originally used to produce mechanical energy 
(mills, sawmills, etc.), since the 19th century it has been mainly used for power generation. It is estimated 
that nearly one third of the potential sites are currently equipped. It accounts for 15% of the total 
electricity production worldwide (2006 data). Nowadays, the development of large dams mainly occurs in 
Asia and South America and raises many environmental and societal issues. For the 18.2 GW capacity 
Three Gorges Dam in China (2003), for instance, it was necessary to displace 1.2 million people [4].  
 
Hydropower is the only mature solution for energy storage. It is also the least expensive. To store 
energy, transfer pumping stations are used to alternately pump and expand water between an upper and an 
artificially created lower reservoir (dammed lakes). The height difference between the reservoirs is 
generally between 80 and 1000 m, and the power per site from 100 to 1500 MW. The vast majority of 
these stations are located in mountainous country. The overall efficiency of the operation reaches 70 to 
75%. Three quarters of the energy drawn during the off-peak hours is returned during the peak hours [5-
7]. The stored energy is proportional to the volume of water from the upper reservoir and the height of the 
waterfall (W = mgh). 
 
As the filling and draw-off period of the top reservoir are not necessarily the same, the turbine power 
can be greater than the pump power. 
 
Depending on the draw-off and filling period, different PHES operating  modes can be distinguished: 
x daily (emptied at peak hours, filled during off-peak hours),  
x weekly (emptied at peak hours, partially filled during the off-peak hours of working days and full 
reload during the weekend), 
x seasonal (filled during off-peak hours in summer, draw-off during peak hours in winter). 
 
This system is straightforward and fast to operate. It can also perform an additional function of 
network backup in the event of grid failure. 
 
The French Grand'Maison dam (combined pumped storage and gravity inputs) can be mentioned as an 
example. Natural inputs (snowmelt, rain) are received and stored in the basin closed by the Grand'Maison 
dam. Additional filling is provided by pumping high spring water from the lower basin created by the 
Verney dam. Thus a 628 MW gravity installation is available as well as pumped hydroelectric storage 
with daily, weekly or seasonal energy exchanges between the basins. 
 
Certain initiatives are conducted around the world for hybrid hydro-wind systems combining these two 
energies to facilitate the implantation of renewable energies in island communities in particular. This is 
the case on the El Hierro islands in the Canaries or in some Greek islands [8, 9].  
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Finally, in view of the predicted growth of intermittent renewable energies, marine PHES should be 
created, using seawater and low height difference reservoirs (with 100 m levees) or built on a cliff 
reservoir [5]. Such a facility has existed since 1999 in the north of Okinawa Island in Japan with a 30 
MW capacity. 
2.2. Compressed air energy storage CAES 
The CAES system is a hybrid storage and energy production system based on gas turbine technology 
and therefore using fuel (natural gas in existing facilities) [1, 2, 6, 11]. 
 
In a conventional gas turbine the intake air is compressed, then mixed with fuel for combustion. The 
flue gas is then expanded in a turbine. In the present case, the compressor and the turbine are decoupled 
and run at distinct times. The compressor is driven by an electric motor when the electrical energy is to be 
stored and compressed air is enclosed in airtight underground caverns. Later, during peak periods, 
compressed air is injected into a combustion chamber and the flue gases are expanded in the turbine 
stages, the turbine being itself connected to a generator. 
 
The compressed air is stored at high pressure (40-70 bar) in underground caverns (salt rock formations 
in existing facilities). 
 
Two main facilities are available in the world: Huntorf, Germany, with 290 MW power and McIntosh, 
Alabama, USA, with 110 MW. Other facilities are planned. The Huntorf power plant has been working 
since 1978. It is coupled to a nuclear plant and its efficiency is 42%. The McIntosh power plant dates 
back to 1991 and has a 54% efficiency [11]. Compression is cooled, thus reducing the energy 
consumption during compression. A heat recovery unit is installed on the gas turbine exhaust to preheat 
air from the storage. This element, which is the only technical difference with the Huntorf power plant, 
reduces fuel consumption [2].  
 
Research is underway on advanced adiabatic compressed air energy storage (AACAES) to store and 
return the heat of compression in order to improve energy efficiency. 
2.3. Electrochemical batteries 
Batteries use reversible electrochemical reactions to store electricity. Conventional batteries are lead-
acid ones. These are the least expensive. Their specific energy is high, but their life span and their 
available power are limited. The 10 MW Chino facility in California is an example of such a power plant, 
in operation since 1988. [12] 
Electrochemical batteries have been specially developed for high power stationary applications with a 
large number of cycles (104 cycles or more), such as sodium-sulfur batteries in Japan [1]. 
2.4. Hydrogen vector 
Surplus production of renewable electrical energy can be stored in chemical form using the hydrogen 
vector (by water electrolysis). It can then be used as fuel or for electricity production by fuel cells. 
Storage is not simple, however: it requires highly compressed hydrogen gas (e.g. 350 bar) or liquid 
hydrogen (liquefied at under -252°C). 
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Commissioned in October 2011, the hybrid wind-hydrogen-biogas power plant of the Enertrag 
company in Prenzlau, north of Berlin, Germany, aims to demonstrate the principle [13].  
 
The principle is as follows: 
Three Enercon E-82 wind turbines (82 m in diameter, three-bladed) with a rated power of 2.3 MW 
each produce about 18 GWh of electricity per year. They are connected to the grid but also to a 500 kW 
electrolyzer. The electrolysis produces 120 Nm3/h of hydrogen which is compressed to 42 bar and stored 
in three tanks. 
Moreover, two fermenters with a volume of 2350 m3 produce 2.77 million m3 of biogas per year. 
 
The hydrogen can then be valuated in different ways: 
x First possible use: as fuel for hydrogen service stations in Berlin 
x Second use (in response to peak electricity demand): the hydrogen is mixed with up to 20 to 30% of 
biogas to operate two combined heat and power (CHP) plants each producing 366 kW of electricity 
and 409 kW of thermal power for heating 80 houses 
x Third use: direct injection into the natural gas grid; for the moment, this concerns only 5% of the 
mixture, a figure that could be increased to 10 or 15% in the future. 
2.5. smart grids 
Smart grids are still in an experimental stage, but are expected to reduce consumption and promote 
renewable energy production, while ensuring the security and stability of the grid [14]. 
While a conventional grid is a simple means of electricity transport from production centers to users, 
smart grids also carry information in both directions between the different components. In France, for 
example, several projects are funded by ADEME through investments for the future: 
x The MILLENER project which focuses on the integration of renewable energies in the islands 
(Corsica, Guadeloupe, Réunion). The physical limitations of these grids in remote sites can be easily 
reached. These islands are therefore preferred testing grounds. 
x NICE GRID project for the Provence-Alpes-Cote d'Azur area, a poorly interconnected region. 
 
The deployment of smart grids is associated with the development of other technological solutions. 
3. Thermal electricity storage using a thermodynamic process 
The PTES process (pumped thermal electricity storage or SEPT in French), patented by Saipem, is an 
innovative solution for storing electricity on a large scale, and a technological breakthrough compared 
with existing systems [15, 16]. 
The planned capacity is several hundred MWh, the power 100 MW, the efficiency about 70% and the 
time to load / unload a few hours to a few days. This process is based on a thermodynamic cycle in which 
the electrical energy is stored as sensible heat in refractory materials heated to high temperature (a heat 
pump operating according to the reverse Joule-Brayton cycle), then restored when power generation is 
required (an engine operating according to the Joule-Brayton cycle, the gas turbine cycle). 
 
The facility comprises two tanks and two sets of turbomachines. The electricity is stored in the form of 
heat in porous refractory materials (allowing the vertical circulation of the gas) and contained in the two 
thermally insulated tanks [17]. 
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Fig.1. Diagram of a plant in energy storage mode [17] 
 
 
Fig.2. Entropy diagram of the process in energy storage mode [17] 
To perform the storage, the tanks are connected by a closed circuit turbine-compressor unit which acts 
as a heat pump (Fig.1 and Fig.2). 
 
For energy release the tanks are connected by turbomachines which operate in a Joule-Brayton cycle, 
exploiting the high temperature heat and cold (Fig.3 and Fig.4). 
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Fig.3. Diagram of a plant in unload mode [17] 
 

Fig.4. Entropy diagram of the process in unload mode [17] 
The working gas selected, used in a closed loop, is argon, an inert gas, which should help avoid the 
problems of oxidation of the material (both the storage and the turbomachinery material). Pressures are 
low (4-5 bars). Basalt gravel can be used as refractory storage material [18].  
 
According to Carnot’s principle, thermal machines have better efficiencies for the highest temperature 
of the heat source and the lowest possible temperature of the cold source. As can be observed, in storage 
mode, the compressor must operate at high temperatures (500 to 1000° C at output). This then makes it 
possible, in unload mode, to operate with temperature values appropriate to the Joule cycle and generally 
to have a good overall efficiency (storage - unload) of the process. 
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These temperatures are a key point in the process because there is no compressor operating in these 
conditions. For example, the high-pressure compressors of aero gas turbines operate at temperatures 
ranging from 450 to 700° C. They use titanium alloys. These are the highest temperatures encountered in 
compressors. It is therefore clear that it is necessary to find a specific solution. A possible solution might 
be provided by the materials used in turbines operating at high temperature. That is why the following 
section focuses on the operation of gas turbines.  
4. Main uses of gas turbines and influence of the temperature on performance 
Historically, land gas turbines were first used to supply peak electricity to the grid, for backup 
applications and for various industrial applications (driving machines such as pumps or compressors). 
Reliability was therefore the prime requirement of these facilities, before performance. As a result, the 
operating temperatures were not very high and the design relatively unsophisticated. 
Since then, gas turbines have been widely used for electricity generation in the world and their current 
use is steadily increasing. Because of environmental problems, the best technologies are now required to 
obtain the best efficiencies and lower emissions. 
The efficiency values encountered are in the range of 25 to 30% for industrial scales of moderate 
power (1-10 MW) and tend towards 40% in the more advanced versions (high power, up to 340 MW) 
[19]. 
 
Fig.5. Effect of turbine inlet temperature on the cycle efficiency [22] 
One way to improve efficiency is to use combined cycles (gas turbine and steam turbines) thus 
enabling efficiencies (relative to PCI) close to 60% and power up to 400 or 600 MW to be achieved [20, 
21] 
 
In addition to environmental issues, to ensure a low cost of electricity, these efficiencies have become 
the focus of large project designs. To achieve these goals, high temperatures are required (Fig. 5). 
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In large power plants, the exhaust gas temperature at the turbine inlet reaches 1400° C or more. 
However, the materials are not capable of withstanding such values. It is therefore necessary to cool the 
turbine blades with air taken from the compressor, entailing a highly complex and therefore expensive 
technology. Note that the cycle efficiency is very sensitive to the maximum cycle temperature but also to 
the compressor and turbine efficiencies (Fig. 6) [22]. For example, the maximum polytropic efficiency 
values of compressors are currently about 0.92 [23]. 
 
Fig.6. Influence of isentropic compression and expansion efficiency on the cycle efficiency (calculated for a turbine inlet 
temperature of 1200° C) [22] 
Note that there is a difference between industrial gas turbines and aeronautical ones. Industrial turbine 
components operate at base load at higher nominal temperatures and for a longer period of time (e.g. 
1020° C for 50 000 h.) than aeronautical ones, although the latter have a higher peak temperature for short 
periods of time (e.g. 1120° C for 300 h., and cruising temperature of 870° C for 10 000 h.) [24]. 
5. Advanced technological developments in gas turbines 
Because of the required conditions, set out above, high pressure turbine blades in particular are 
subjected to high temperatures and high centrifugal stress, thus exposing materials to creep (a continuous 
deformation phenomenon that may occur over time for components under high temperature stress). 
Moreover, start and stop cycles generate fatigue. In this section, the solutions used and the current 
technological limitations are presented. This advanced technology state of the art is discussed as follows: 
x cooling of the turbine blade, 
x the alloys used in the blades and their implementation, 
x protective coatings for blades, 
x perspectives. 
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5.1. Cooling of the turbine blades 
Until the 1970s, the development of new materials led to a gradual gain in maximum cycle 
temperature up to around 900° C, the limit of tensile strength. Then the slope of the maximum 
temperature versus years becomes steeper when blades are cooled by drawing air from the compressor. At 
the same time, the materials and their shaping techniques keep on evolving. (Fig.7). 
 
The air taken from the compressor is injected through the foot in the cavities made in the blades. By 
forced convection, impingement, perspiration or by a film emission, it cools the fixed and mobile blades 
from 200 to 300 ° C [22, 23, 25] (Fig.8). The air exiting from the blades mixes with the main flow. The 
technological complexity of the internal cooling circuits of the blades is proportionate to the required 
temperature level.  
 
In the latest versions of its combined cycle technology (called G and H), GE uses steam in a closed 
loop to cool the gas turbine fixed blades [26]. This therefore eliminates the bleed from compressor and 
allows more power. Siemens now offers turbines with closed-loop air cooling for fixed and moving parts. 
 
Fig.7. Evolution of cooling technologies [23] 
 
Fig.8. Blade cooling 
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5.2. Alloys and their implementation 
The development of jet engines at the end of the Second World War led to the development of 
superalloys based on nickel or cobalt [27]: for example, the pure nickel oxide and flue around 600-700°C. 
Adding chrome provides good oxidation resistance up to 1000° C and adding aluminum provides good 
mechanical properties also up to 1000° C. Lastly, an accurate proportion of elements such as titanium, 
molybdenum, or tungsten can improve their properties still further. 
 
Most metallic materials are polycrystalline, consisting of grains. However, in superalloys, subjected to 
stress at high temperatures, these grains tend to detach perpendicularly to the effort. The solutions to this 
problem are to use these superalloys in a columnar (directionaly solidified) or single crystalline form ( 
Fig.9).  
 
Fig.9. Different material structures implemented in the turbine blades 
Precision cast techniques are then required. For the highest loaded blades (e.g. the first high-pressure 
turbine stage, operating with metal surface temperatures up to 950 ° C and more), single crystal blades are 
used, and for the least loaded parts, directionally solidified or polycrystalline blades [28, 29]. 
 
At the same time, the development of casting techniques has led to the development of specific 
composition alloys for single crystal casting parts. Series of advanced superalloys, called first, second or 
third generation, based primarily on the Re (rhenium) content have been proposed. Then further 
improvements in creep strength with the addition of Ir (iridium) and Ru (ruthenium), led to the fourth and 
fifth generations [21]. The TMS162 alloy (5th generation), for instance, breaks at 1100°C for 1250 h and 
137 MPa. This is the highest temperature claimed for a nickel based alloy. 
 
The evolution of superalloy composition over the years in order to obtain a better creep strength at 
temperatures up to 1100 ° C is shown on Fig.10 [30]. The chromium content has been reduced from 15 to 
3% by weight, that of aluminum increased by 5%. Conversely, the proportion of refractory elements 
(such as tantalum, rhenium, tungsten, and molybdenum) has risen from 8 to 20% in 30 years. 
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Fig.10. Change in the composition of the alloying elements of Ni-based alloys [30]. 
The low proportion of chromium and aluminum, however, induces an insufficient resistance to 
oxidation and corrosion. For this reason, protective coatings for superalloy blades may be required. These 
coatings may also play the role of an insulator. 
5.3. High pressure turbine blades coating 
Current temperatures at the turbine inlet (the gas temperature can reach 1450° C) are obtained by 
combining cooling and the use of thermal barriers that maintain a temperature close to 1000° C in the 
wall. These barriers are used both for fixed and mobile blades. 
 
The current method involves (fig. 11) [21]: 
x a thin metallic coating (about 50 microns), usually an aluminide, designed to allow adhesion of the 
ceramics, but also to provide protection against oxidation and corrosion, 
x a ceramic layer applied on the previous coating. Usually this layer is about 500 microns thick. 
 
 
Fig.11. Ceramic thermal barrier with a metallic underlayer [25] 
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5.4. Outlook 
Since centrifugal stress is proportional to the material density, new low-density alloys are being 
studied in order to reduce stress. 
 
For the hottest turbine vanes, ceramics (e.g., SiC and Si3N4) have been recently studied around the 
world, the idea being to further increase the temperature of materials up to 1200-1400° C and to eliminate 
or reduce the quantity of cooling air (thereby increasing the efficiency of the gas turbine). But problems 
of fragility and implementation remain to be solved before considering their use in engines[30]. 
 
We can also mention the concepts of molybdenum based blades (such as the Mo-Si-B alloys currently 
being investigated to resist oxidation). This would enable operation up to 1100° C [31]. 
6. Conclusion 
A new means of electricity storage on a large scale has been presented as well as features relating to 
the high operating temperatures of the process compressor. 
 
As this temperature is a technological barrier for the process, solutions have been sought in the latest 
turbine high temperature applications. 
 
Advanced gas turbine developments are largely related to the increase in maximum allowable 
temperatures that have enabled improvement in cycle efficiencies. 
Since the high pressure turbine blades are the first components to be affected by this temperature, these 
advances result in: 
x an evolution in the composition of nickel-based superalloys and of their implementation (single 
crystals) to reach wall temperatures around 950° C, 
x cooling the blades with the compressor bleed air. Blade protection by thermal barriers saves an 
additional 150° C (thus 1100° C in the ceramic wall). The maximum exhaust temperature in the 
turbine inlet can then reach 1430° C. 
 
It is always possible to consider higher temperatures, but at the expense of life span. 
 
It is noteworthy that the technologies currently used for gas turbine high-pressure turbine blades 
(single crystal superalloys) can be used for the high temperature compressor blades of the process (as well 
as for the high temperature turbine). As the process does not allow the use of fluid for cooling without 
increasing complexity, the vanes and blades of this high temperature compressor should not exceed 
950°C. However, for reasonable life spans it is recommended not to exceed 800°C for the metal skin 
temperature, thus also for the maximum fluid temperature. It is therefore not necessary to cool the 
compressor blades. Nickel-based alloys are suitable for this temperature.  
 
Finally, it will be necessary to implement on the compressor manufacturing technologies that are 
currently reserved for turbines. 
 
The feasibility of the process has been confirmed by the various studies undertaken (thermodynamics, 
turbomachinery, storage materials, feasibility of large speakers). A 1 MW power and 5 MWh storage 
capacity demonstration project is therefore now being prepared. [16, 32]  
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